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RESCUING  EVA  CREWMEMBERS  AND  RECOVERING  EQUIPMENT 
DETACHED  AND  ADRIFT  FROM  THE  SPACE  STATION 


Introduction 


In  1965  mankind  took  a  bold  step  in  the  exploration  of 
space.  Specifically,  for  the  first  time,  man,  without  the 
protection  of  a  spacecraft,  took  a  walk  in  space.  These 
spacewalks  later  became  known  as  Ex tr aveh i cu 1 ar  Activities 
( EVAs ) .  Perhaps  the  most  exemplary  of  these  EVAs  were  the 
ones  performed  by  the  various  United  States  Sky  lab  crews 
(1973-1974).  These  crews  took  the  severely  damaged  Skylab 
vehicle  and  during  extensive  EVAs,  fixed  it  to  the  point 
where  it  became  inhabitable  and  operational.  These  EVAs 
directly  led  to  the  unqualified  success  of  the  Skylab 
missions  (5:42). 

The  f u tur e  holds  the  promise  of  the  space  station. 
Initial  est i mates  are  that  astronauts  can  be  expec  ted  to 
perform  2000  hours  of  EVA  per  year  in  support  of  this  station 
(13:147).  With  safety  in  mind,  the  National  Aeronautics  and 
Space  Administration  (NASA)  Space  Station  Office  has  asked 
various  contractors  to  propose  methods  for  rescuing  EVA 
crewmembers.  Additionally,  NASA  has  asked  for  methods  to 
recover  detached  and  drifting  equipment  from  the  space 
station.  In  response  to  these  questions,  contractors 
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crewmembers  if  they  become  adrift  (11:665).  The  probability 
of  becoming  adrift  in  space  however,  is  not  the  only  danger- 
facing  astronauts  during  EVA. 

Space  is  a  dangerous  place.  Several  hazards  have  been 
identified  which  place  an  EVA  crewmember  in  jeopardy.  In  a 
study  by  McDonnell  Douglas  Astronautics  Company,  four  hazard 
were  identified.  These  hazards  are  radiation  exposure, 
mechanical  dangers  ( micrometenro ids ,  space  debris,  and  sharp 
corners/edges),  atomic  oxygen  (which  causes  material 
degradation),  and  static  charging  (15:4-10  to  4-1B).  In 
fact,  the  entire  realm  of  extravehicular  activity  is  best 
summarized  by  Astronaut  Pierre  J.  Thuot  when  he  stated  that 
“It’s  CEVA3  risky  business.  Anytime  you  go  out  of  the 
pressure  vessel,  now  you’re  in  your  own  little  pressure 
vessel,  it’s  risky  business."  (37). 

As  previously  mentioned,  one  of  the  mechanical  dangers 
is  that  of  space  debris.  This  hazard  is  one  of  the  reasons 
why  NASA  is  looking  into  systems  which  can  also  recover 
detached  and  adrift  equipment,  from  the  space  station.  An 
example  which  points  out  this  hazard  occurred  during  the 
Skylab  2  mission  of  May  25,  1973. 

The  Skylab  2  crow  of  Conrad,  Kerwin,  and  Unity  had  trio 
for  sever al  hours  to  dock  with  the  heavi ly  damaged  Skylab 
space?  station.  It  was  finally  decided  that  the  crew  should 
dnn  their  spacesuits,  open  the  docking  tunnel,  and  dismantle 
the  docking  probe.  If  these  actions  did  not  correct  the 


problem?  an  emergency  return  to  earth  was  necessary.  The  EVA 
proceeded  as  planned  until  the  point  when  the  probe  was 
dismantled.  During  this  action,  a  nut  (as  in  nut  and  bolt) 
■floated  off  into  space.  The  loss  of  this  nut  provided  some 
anxiety  to  the  crew;  after  successfully  docking  with  the 
Sky  1 ab  space  station,  it  was  quest i onab 1 e  as  to  whether  they 
could  successfully  undock  without  that  missing  nut.  Luckily, 
all  things  worked  out  and  Skylab  2  proved  to  be  one  of  the 
most  successful  of  the  Skylab  missions  (13:84). 

This  example  serves  to  paint  out  two  key  areas  about  the 
recovery  of  adrift  equipment.  First  of  all,  it  points  out 
that  an  object  as  small  as  a  nut  can  be  critical  to  the 
success  of  a  mission.  Thus,  the  operational  value  of  adrift 
equipment  can  drive  the  requirement  for  recovery.  Secondly, 
this  example  shows  that  equipment  does  become  detached,  can 
float  off  into  space,  and  could  create  a  hazard. 

In  addition  to  directly  affecting  the  mission,  the  lost 
nut  also  posed  a  long  term  hazard  in  the  form  of  space 
debris.  Because  of  it’s  small  size,  the  nut  may  not  seem 
like  that  great  a  hazard,  but  closer  analysis  shows  that,  it 
is  indeed  a  substantial  hazard  clue  to  its  kinetic  energy. 

For  example,  a  7.3  gram  nut  that  floats  away  from  the  space 
sta  t i on ,  wh i c  h  is  at  an  a  1 1 1 tude  o  f  292  m i  1 es  ( 470  km )  ,  will 
have  a  kinetic  energy  of  approximately  218,400  Joules  ( i ts 
velocity  is  approximately  4.74  miles/sec).  Compai e  this  to  a 
typical  .30  caliber  bullet.  TTie  bullet  also  has  a  mass  of 
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about  7.3  grams  (110  grains)  and  a  muzzle  velocity  (depending 
on  load)  of  about  3,000  ft/sec.  This  gives  the  .30  caliber 
bullet  a  kinetic  energy  of  3,050  Joules  (30:28).  Thus,  the 
kinetic  energy  of  the  floating  nut  is  approximately  70  times 
the  kinetic  energy  of  the  speeding  bullet.  The  damage 
potential  of  the  nut  is  now  quite  apparent. 

The  U.S.  Space  Program  has  had  a  history  of  equipment 
becoming  detached  and  adrift  from  spacecraft  during  EVAs  . 

The  example  of  the  Skylab  2  mission  pointed  this  out,  but 
this  problem  has  occurred  since  the  beginnings  of  the  U.S. 

EVA  history.  In  fact,  the  first  piece  of  equipment  to  be 
lost  occurred  during  the  historic  Gemini  4  mission  when  a 
glove  floated  out  of  the  spacecraft.  Additionally,  during 
the  Gemini  9  mission,  a  camera  manaqed  to  float  away.  The 
general  conclusion  from  the  Gemini  program  regarding 
equipment  losses  during  EVA  was  that  if  it  wasn’t  tied  clown, 
it  would  float  away  (39).  This  conclusion  led  to  the 
practice  of  tether ing  equipment  to  the  spacecraft  as  is 
currently  done  in  the  space  shuttle  missions. 

However,  the  space  shuttle  missions  have?  had  their  own 
problems  with  equipment  becoming  detached  and  floating  away , 
this  in  spite  of  the  emphasis  placed  on  tethering. 
Specifically,  during  the  41B  Mission  a  foot  restraint  hecam  ■ 
detached  and  floated  aw.iy .  However  ,  it  was  recovered  by 
maneuvering  the  space  shuttle  to  a  position  where  Astronaut 
Bruce  McCandless  could  reach  out  arid  grab  it.  (Hi).  Ibis  wa  , 
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recover  detached  equipment.  The  shuttle  missions  of  51A  and 
51C  also  had  problems  of  equipment  floating  away,  but  in 
these  cases,  the  equipment  was  not  recovered.  The  51 A 
Mission  had  several  screws  float  off  into  space  (39). 
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Likewise,  the  51C  Mission  had  a  power  wrench  drift  away  (3). 
Thus,  the  problem  of  equipment  becoming  detached  and  adrift 
remains.  This  problem  has  happened  in  the  past  and  it  most 
certainly  will  occur  in  the  future. 


Future  Prospect. 

The  initial  on  orbit  construe  tion  of  the  space  s  t  a  t ion 
is  expected  to  begin  in  1994  (35:H).  EVA  is  going  to  be  an 
integral  part  of  this  construe t i on.  EVA  will  also  be  an 
integral  part  of  the  space  station’s  operations.  A  McDonnell 
Douglas  study  in  1906  (prior  to  the  Challenger  tragedy) 
indicated  that  EVA  at  the  space  station  will  fall  into  two 
categories:  EVA  for  user  missions  (satellite  support)  and 

EVA  for  Space  Station  Maintenance  (15:3-17).  This  study  also 
projec ted  the  total  EVA  manhours  per  year  that  the  space 
station  would  support.  These  manhours  art*  shown  in  Figure  1. 

It  should  he  pointed  out  that  the  number  of  l  VA  manhour*, 
being  projected  for  the  space  station  during  its  first  your 
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of  opt’i  .» t  i  on*,  is  six  times  the  total  US  EVA  expei  lence.  With 
this  amount  of  manhour  it  can  he  expected  that  equipment 


m 


will  lii’i  nine  dotaihod  and  ruijun  p  r  I’LOvei  y  (  30  )  .  1  he  need  (  n r 


•  •■.v.y . . 


f -A* 


70'W 


Manhours 


1 1  <*!.*« 


vr 


iwv*uJujniFuwv*vwffVjrvwvwvim*vwv»v*vw\rjiuw\:vu*\i*uwvr?rvwi 


I 

I 


Ub iec  t i ve  Statement . 

The  objectives  of  this  thesis  are  to:  1)  develop  a 
methodology  for  evaluating  solution  systems  to  the  problem 
of  EVA  crew  rescue  and  equipment  recovery,  2)  apply  that 
methodology  to  the  NASA  provided  contractor  proposed 
solutions,  3)  develop,  if  necessary,  other  conceptual 
solution  systems,  and  4)  provide  direction  as  to  which 
generic  solution  system  types  best  solve  the  problems. 
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dimension  describes  the  path  to  fallow  in  salving  the 
problems.  For  this  thesis,  portions  of  the  problem 
definition  and  systems  synthesis  steps  have  been  provided  by 
NASA.  Finally,  the  knowledge  dimension  shows  that  the  areas 
of  astrodynamics ,  life  support,  and  operations  research  will 
play  an  important  role  in  salving  the  problems.  For  these 
reasons,  the  Hall  morphology  of  systems  engineering  has  been 
chosen  as  the  overall  framework  within  which  to  solve  the 


prob lems . 


Method  for  Determining  the  Problem’s  Key  Aspects. 

The  second  area  of  methodology  is  that  of  developing  an 
approach  to  determine  the  key  aspects  of  the  problems 
associated  with  EVA  crew  rescue  and  equipment  recovery.  One 
technique  which  shows  great  promise  in  this  area  is  that  of 
concept  mapping. 

Concept  Mapping.  Developed  in  the  early  1  9H0s  as  an 
educational  tool,  concept  mapping  has  the  unique  ability  to 
capture  an  expert’s  conceptual  structure  of  a  problem 
( t 7 : Ch3 , p 1 0 ) .  Concept  mapping  does  this  by  dove  1  op  i  ncj  a 
visual  r epr esen t a t i on  which  shows  how  the  various  aspects  of 
the  problem  .ire  linked  together.  These  visual 
representations  are  known  as  concept  maps  and  they  provide 
three  major  benef its.  These  benef  i ts  are:  1 )  the 

l dent i f l cat i on  of  a  sma 1 1  numbei  of  key  ideas  within  a 
,  1? )  a  visual  road  map  of  the  subjec  t,  . 

1  1 


sub j ec  t 


and  '. ))  a 


methodology  is  that  of  developing  an  approach  to  evaluate  the 


different  alternatives  which  solve  the  problems.  This 
approach  was  used  in  the  systems  analysis  step  of  the  Hall 
morphology  of  systems  engineering.  The  analytical  approach 
which  was  used  in  this  thesis  is  the  Analytic  Hierarchy 
Process  ( AHP ) . 

Analytic  Hierarch  Process  ( AHP )  .  As  problems  become 
complex  with  different  related  factors  and  with  many 
alternative  solutions,  the  relationships  between  these 
factors  and  alternatives  often  become  blurred.  According  to 
Saaty,  what  is  needed  is  "to  organize  our  problems  in  complex 
structures  which  allow  interactions  and  interdependence  of 
factors  but  which  also  allow  us  to  think  about  them  one  or 
two  at  a  time"  (33:140).  Analytic  Hierarchy  Process  is  a 
framework  which  allows  problems  to  be  structured  this  way. 

The  three  principles  upcn  which  AHP  is  founded  are 
decomposition,  comparative  judgments,  and  synthesis  of 
priorities  (33:141). 

The  principle  of  decomposition  involves  decomposing  u 
complex  problem  into  a  hierarchy.  This  hierarchy  is 
structured  such  that  each  level  has  only  a  few  manageable 
elements  and  that  these  elements  capture  the  major  components 
of  the  problem  (41:643).  These  major  component  elements  are 
then  decomposed  into  their  representative  sub-elements.  The 
hierarchy  has  two  roles.  The  first  role  is  to  transform  a 
complex  problem  into  one  which  can  be  easily  understood.  The 
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second  role  is  to  break  the  problem  into  functionally  similar 
levels  (29:238).  This  breakdown  allows  for  the  next 
principle  to  be  applied  to  the  problem. 

The  principle  of  comparative  judgments  is  one  of 
determining  priorities.  Basically,  this  principle  calls  for 
the  decision  maker  to  evaluate  each  set  of  elements  within  a 
level  (in  a  pairwise  fashion)  with  respect  to  an  element  in 
the  next  higher  level  (38:62).  These  pairwise  comparisons 
indicate  the  relative  importance  (weight)  of  the  elements 
within  a  level.  These  priorities  are  formulated  in  a 
comparison  matrix  (33:141).  After  all  the  elements  on  all 
the  levels  are  prioritized,  the  synthesis  of  the  priorities 
can  then  begin. 

According  to  Vargas  and  Dougherty,  the  synthesis 
principle  calls  for  the  generation  of  composite  priorities 
for  each  element.  This  generation  involves  a  1  eve  1 -by- 1  eve  1 
aggregation  of  the  pairwise  comparisons.  The  procedure  used 
to  aggregate  is  through  the  use  of  eigenvalut?s  or  that  of 
calculating  the  geometric  mean  (38:65).  The  resulting 
composite  priorities  represent  the  decision  maker’s  judgments 
as  to  the  relative  importance  of  the  elements  in  the 
hierarchy.  This  principle  is  important  for  two  reasons.  The 
first  reason  is  that  oncc>  all  the  aggregation  is  completed, 
the  composite  priorities  for  the  lowest  level  of  the 
hierarchy  usually  point  to  the  preferred  alternative 
solution.  Secondly,  this  process  a  1  lows  for  a  consistent  y 


check  of  the  weight  factors  used  in  the  analysis  (33:142). 

As  seen  in  this  discussion,  AHP  is  a  simple  yet  powerful 
approach  to  solving  complicated  problems.  AHP  is 
conceptually  simple.  It  follows  the  basic  divide  and  conquer 
principle.  However,  AHP  also  allows  for  the  complexities  of 
a  problem  to  be  tackled.  Despite  all  these  good  qualities, 
AHP  is  not  without  criticism.  One  of  the  major  problems  of 
AHP  is  that  the  technique  does  not  guarantee  the  validity  of 
the  weights  used  in  the  analysis  (12:728).  The  reason  for 
this  problem  is  that  the  weights  are  based  on  the  subjective 
reasoning  of  the  decision  maker.  The  decision  maker  is  human 
and  can  change  his/her  mind.  However,  AHP  allows  for  ttiis 
inconsistency  as  part  of  its  theory  (33:144).  AHP  also 
suffers  the  problem  of  defining  exactly  who  the  decision 
maker  actually  is.  In  the  case  of  multiple  decision  maker's, 
Saaty  recommends  that  the  aggregate  weight  be  determined  by 
taking  the  geometric  mean  of  the  individual  we  i  girts  (33:131). 

In  spite  of  these  problems,  AHP  appears  to  be  a 
reasonable  approach  to  the  problems  of  EVA  crew  rescue  and 
equipment  recovery.  This  reasonableness  is  due  to  the.1  fact 
that  the  approach  is  relatively  simple  to  understand  and  tli.it 
the  break inq  down  of  the  problem  into  its  hierarchy  tends  to 
help  with  the  definition  of  the  problem.  This  ability  to 
better  define  the  problem  can  often  reduce  the  perceived 
complexities  of  the  problem. 


Summary. 

This  section  has  developed  the  methodology  that  was  used 
in  the  development  of  solutions  to  the  problems  of  EVA  crew 
rescue  and  recovery  of  detached  and  adrift  equipment  from  the 
space  station.  Specifically,  these  problems  were  examined  in 
the  light  of  the  Hall  morphology  of  system  engineering.  The 
technique  of  concept  mapping  was  used  in  the  problem 
definition  and  value  system  design  steps  of  this  morphology. 
Also,  the  Analytic  Hierarchy  Process  ( AHP )  was  used  to 
provide  the  systems  analysis  of  the  proposed  solutions  to 
these  problems.  Thus,  this  thesis  demonstrates  the 
techniques  of  concept  mapping  and  AHP  within  the  Hall 


morphology  of  system  engineering  framework. 


III.  Pr ob 1 em  De fini t ion 


As  indicated  in  the  literature  review,  the  problems  of 
EVA  crew  rescue  and  recovery  of  detached  and  adrift  equipment 
from  the  space  station  are  still  in  the  project  planninq  and 
preliminary  design  phase  of  the  project’s  life.  During  these 
phases  initial  system  concepts  are  developed  based  on  a 
thorough  understanding  of  the  problem.  The  concept  mapping 
activity  helps  explain  the  complexities  and  relationships 
within  the  problems.  However,  a  little  technical  background 
into  the  areas  of  the  Extravehicular  Mobility  Unit  (EMU)  and 
orbital  mechanics  is  required  to  fully  understand  the 
prob 1 ems . 


Extravehicular  Mobility  Unit  (EMU). 

When  an  astronaut  is  performing  EVA,  the  Extravehicular 
Mobility  Unit  (EMU)  is  providing  two  essential  functions  for 
the  astronaut.  The  first  function  is  to  provide  a  highly 
mobile  enclosure  (space  suit)  which  allows  for  tasks  to  be 
performed  in  space.  The  second  function  is  that  of  life 
support.  This  function  consists  of  providing  a  controlled 


.•>  v.v. 
\»V, 

.-.v 


•  v‘vVv 


•.w' 


- -v 


V\«V, 


pressure  environment,  providing  clean  oxygen  for  breathing 
maintaining  temperature  control,  and  providing  fen  waste 
management  (4:3).  In  the  current  EMU,  these  1  ife  suppor  t. 
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functions  are  all  contained  within  the  unit  (which  resembli 
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a  backpack).  It  is  expected  that  the  space  station  EMU',  will 


be  ‘similarly  configured  (lb:3-l>. 


Ihis  configuration  allows 
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for  EVA  without  being  tied  to  umbilical  cords  which  have 
provided  these  life  support  functions  in  the  past. 

The  probl em  with  this  t ype  of  system  configuration  is 
that  the  EMU  can  only  carry  a  limited  amount  of  the  gasses 
and  fluids  which  are  consumed  by  an  astronaut  to  sustain 
life.  The  most  critical  of  these  consumables  is  oxygen.  The 
current  EMU  has  an  oxygen  supply  which  will  last  for  a 
maximum  of  seven  hours  (24:1.2-3).  Current  studies  for  the 
space  station's  EMU  project  approximately  a  nine  hour  oxygen 
supply  (  1 5 : 3-3 ;  20 : 4  )  .  Ulith  this  limit  on  the  amount  of 
oxygen  available,  EVA  crew  rescue  becomes  extremely  time 
critical.  If  crew  rescue  is  required  during  the  latter- 
portions  of  an  EVA,  there  will  be  a  finite  limit  on  the 
oxygen  available  to  the  crewman  requiring  rescue.  The  worst 
scenario  For  rescue  would  occur  at  the  end  of  a  typical  EVA 
when  there  is  only  86  minutes  of  oxygen  remaining  in  the  EMU 
(21:7).  The  amoun  t  of  consumab le  oxygen  thus  sets  a  limit  on 
the  time  available  for  EVA  rescut?.  A  second  factor  which 
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could  cause  a  time  constraint  for  rescue  is  that  of  a 
malfunctioning  EMU. 

Like  any  piece  of  hardware,  the  EMli  is  susceptible  to 
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I’ast  history  has  shown  this.  On  the  f  ifth 
mission,  scheduled  EVAs  wis  e  t  am. el  led  because 
malfunctions.  One  of  ttiese  malfunctions 
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80 


vw 


des  i  r  ad  A  .  3  ps  i  . 


The  ottier  malfunction  involved  an 
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improper  ly  operating  fan.  Th  i  s  fan  iv  needed  to  i  irculate 
air  for  breathing  and  supplementary  cooling  to  the  astronaut  > 
(7:73.7 <■?).  Although  neither  of  these  malfuru  lions  would  have 
been  immediately  lift?  threatening  had  they  occui  red  during  an 
EVA,  they  could  have  caused  an  unscheduled  termination  of  the 
EVA.  The  space  station  EMUs  are  expected  to  be  a  higher 
pressure,  more  advanced  version  of  the  cui  rent  EMU  <  1 b : A  P  to 
A  3).  Malfunctions  in  this  newer  model  could  also  cause  t:h< 
termination  of  EVA.  Although  these  malfunctions  may  oat 
cause  the  problem  of  drifting  EVA  crewmembers,  they  will 
impart  on  the  rescue  operations  for  those  adr i f  t  crewmembers. 
As  such ,  the  EMU  need1,  to  be  ac k now  1  edged  as  a  player  l  n  th 
prob 1 em . 
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established  with  the  space  station  at  the  origin,  the  x-axis 
pointing  in  the  direction  of  the  space  station’s  velocity 
vector  as  it  orbits  the  earth,  and  the  z-axis  points  in  a 
direction  perpend i cu 1 ar  to  the  x-axis  but  directly  away  from 
the  earth’s  center  of  gravity.  Thus,  a  measurement  of  the 
distance  to  the  earth  is  found  in  the  minus  z  direction.  The 
y-axis  is  perpendicular  to  bath  the  x-axis  and  z-axis  and 
indicates  the  direction  of  a  plane  change.  Calculations  of 
orbital  characteristics  are  based  on  the  space  station  in  a 
circular  orbit  at  an  altitude  of  292  miles  with  an  orbital 
period  of  94  minutes.  The  space  station  is  also  assumed  to 
be  always  orientated  in  the  same  direction  with  respect  tu 
the  earth  (19:19,25).  With  these  assumptions,  orbital 
characteristics  are  calculated  for  an  initial  velocity  of  2 
ft/sec  for  an  object  in  the  purely  x,  y  and,  z-axis 
d i r ec  t i ons . 

With  an  initial  velocity  of  plus  2  ft/sec  in  a  pure  x- 
axis  direction,  the  objects  orbital  characteristics  change 
the  original  circular  orbit  to  that  of  an  elliptical  urb  i  t 
(Figure  4).  This  orbital  change  causes  the  object  to  drift 
away  from  the  space  station  at  a  surprising  rate.  In  fact, 
at  the  end  of  20  minutes,  the  object  is  approximately  2/00  ft 
away  from  the  space  station  (in  the  x  direction)  and  moving 
at  a  relative  velocity  of  7.2  ft/sec  (20:4).  At  the  end  of 
one  orbit  (94  minutes)  the  object  will  be  approximately 
34,000  ft  (6.44  miles)  away  from  the  space  station  arid 


departing  at  an  ever  increasing  rate  (25:4).  figure  5  shows 
the  relationship  between  absolute  range  and  time  due  to  this 
pure  x-axis  initial  velocity. 
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One  of  the  concerns  dur  i  ncj  the  generation  of  the 


individual  concept  maps  was  that  of  the  inability  to  focus  on 
the  problem.  To  this  end,  an  initial  (pre-concept  map) 
survey  was  conducted  to  help  attain  this  focus  (see  Appendix 
A).  Clnce  this  focus  was  achieved,  the  interview  for  the 
concept  mapping  began. 

These  interviews  proved  to  be  of  great  value  in  defining 
the  problems.  The  individual  concept  maps  had  some  overlap 
among  them  (which  was  expected),  but  they  also  tended  to 
center  on  the  area  the  knowledgeable  person  felt  most 
comfortable  with.  This  indirectly  allowed  for  the  generation 
of  a  consolidated  concept  map  which  encompasses  the  entire 
realm  of  the  problems. 

The  consolidated  concept  map  for  the  problems  of  EVA 
crew  rescue  and  recovery  of  equipment  detached  and  adrift 
from  the  space  station  is  found  in  Figure  10a,  1  Ob  ,  ami  1  Of  . 
In  the  generation  of  this  map,  the  problems  were  broken  down 
into  the  three  sections.  This  breakdown  occurred  more  by 
chance  than  by  actually  being  planned.  But  the  breakdown 
does  fit  extremely  well  into  the  Hall  morphology  and  show, 
the  flexibility  of  concept  maps. 

Beveral  impnr  tnnt  observations  need  to  lie  made  wi  th 
r  espec  t  to  these  concept  maps.  First  of  all,  this  tonii;'! 
map  is  a  c  o  i  r  >o  1  l  d  a  t.  i  o  n  of  ten  individual  concept  maps.  As 
such,  simi  lar  individual  ideas  were  consolidated.  Borne  o  f 
these  individual  ideas  went  into  greater  detail  than  is  (mind 
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in  the  consolidated  concept  map,  but  they  are  all 
represented.  Secondly,  the  consolidation  of  the  individual 
concept  maps  was  done  by  the  author.  Hopefully,  no  biases 
were  introduced  into  the  consolidated  version.  The 

elimination  of  any  biases  is  a  reason  why  this  consolidated 
concept  map  should  be  used  as  the  starting  point  for  a 
subsequent  iterative  analysis  to  the  problems.  The  f i  rui  1 
observation  about  the  consolidated  concept  map  is  1 ts  powo! 
to  represent  the  problems.  The  ability  to  link  several 
separate  ideas  to  one  central  idea  and  easily  display  this 
linkage  proved  to  be  of  enormous  value  in  understanding  the 
problems.  The  consolidated  concept  map  shows  all  the  f ai  to. 
and  relationships  which  affect  the  problem*..  However  ,  some 
of  these  factors  need  to  be  highlighted. 

The  problem  definition  station  of  t  ht  >  consolidated 
c  one  ep  t  map  (I  l  qui  e  1  Oa  )  ‘.lows  several  d  1  f  f  er  ei  u  es  between 
equipment  recovery  .  i  rut  (  VA  i  r  ewmen  rescue.  first,  when  t. !  it  > 
separated  object  is  an  F.VA  crewmember  .  a  definite  time*  limit, 
for  rescue  is  established  due.*  to  consumables.  This  may  nit 
tie  the  case*  for  cletac  tied  equipment.  tier  unit,  a  sepai  .it.  t  i  VA 
c  r  ewmemher  1  s  a  rattier  large  object.  this  means  that  he/she 
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a  hazard  to  the?  space  station,  tint  might  not  he  wm  t.h  the 
effort  to  r  ec  n  ver  or  roe  lit  best,  tie  recovered  .it  a  1  ,  i  t  er  Lime 
(  3  )  .  I  h  l  s  option  would  not  exist  for  i  i  ew  i  esc  uc'  . 


Additionally,  this  decision  area  points  out  the  scenario 
dependance  of  problems.  The  type  of  object  adrift,  the 
object’s  orbital  characteristics,  and  the  object’s 
probability  of  returning  to  the  space  station  all  determine* 
if  the  object  will  be  rescued,  recovered,  or  rendered  non- 
hazardous.  These  object  characteristics  are  all  scenario 
dependent . 

The  conso 1 i da t i on  of  the  individual  concept  maps  pointed 
out  that  these  are  basic  system  requirements  which  all 
solution  systems  must  meet.  There  are  two  basic  system 
requirements  for  solution  systems  to  the  problems  (figure 
10b).  First,  the  solution  system  must  get  to  the  adrift 
object  (EVA  crewmember  or  equipment).  This  can  bo  done  by 
either  having  the  system  move  to  the  object  (as  a  free  flying 
system  would)  or  having  the  object  move  to  the  system  (as  in 
the  case  of  a  safety  net).  The  second  basic,  requirement  is 
to  either  return  the  abject  to  the  space  station  or  to  place 
it  in  a  safe  orbit  (a  safe  orbit  is  one  with  zero  piobability 
of  the  object  hitting  the  space  station).  A  third  basic 
requirement,  which  is  not  specifically  stated  in  the  concept 
map,  hut  rather  implied,  is  that  the  solution  system  must 
operate  over  a  range  of  distances  from  the  space  station. 

The  solution  system  must  be  able*  to  recover  objects  that  arc 
both  near'  (within  100  ft)  or  far  (distances  where  orbital 
mechanics  play  an  important  role).  With  those  basic  system 
r  equ  i  r  omen  ts  identified,  several  factors  which  determine*  the 
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The  purpose  of  the  analysis  section  of  thn.,  thesis  was 
to  provide  direction  as  to  which  generic:  solution  systems 
appear  best  suited  to  salve  the  problems  of  EVA  (  r ew  i  escue 


and  equipment 


The  analysis  also  evaluated  the  NASA 


provided  contractor  proposed  solution  systems  to  the 
problems.  lo  this  end,  a  review  of  the  definition  ci!  .. 
system  is  in  order. 

Acrcirdinq  to  Athey ,  "systems  are  any  set  of  components 
which  could  be  seen  as  working  together  for  the  overall 
objective  of  the  whole."  (1:12)  Thus,  systems  can  he 
considered  as  groups  of  subsystems  which  work  together  to 
perform  a  common  mission.  In  the?  case  of  this  thesis,  the 
common  mission  is  to  rescue  EVA  crewmembers  and  to  recover 
detached  and  adr  lft  equipment  from  the  space  station.  The* 
consolidated  roncept  map  established  the  environment  wit.hi  : 
which  the  system  must  operate.  It  also  es  t  al  i  1  1  shed  the 
criteria  tiy  which  the  systems  were  evaluated. 


F  vahia  t  1  on  Er  i_t  er  la 

The  evaluation  c:r  i  ter  i  a  for  Lh  is  ,1.1a  1  ys  1  s  are  all  found 
in  tin*  Value  System  Design  sec  t  inn  cif  the*  consol  id.u‘i  d 
c  one:  ep  t  map  (Figure  1  Oh  )  .  1  h  1  s  map  not.  only  lists  1  ’  10 

evaluation  c:r  1  ter  u,  but  also  defines  them.  I  he  first 
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system  provides  from  making 


the  situation  worse  or  from  endangering  other  crewmembers. 

For  example,  a  system  could  be  considered  safe  if  it  has  a 
95'/.  chance  of  not  making  the  situation  worse.  The  second 
evaluation  criterion  is  response  time.  This  criterion  is 
defined  as  being  the  time  it  takes  for  the  rescue/recovery 
system  to  detect  the  separation  of  an  object  and  begin  the 
physical  process  of  returning  the  object  or  placing  it  in  a 
safe  orbit.  Reliability  is  the  third  evaluation  criterion 
and  it  is  defined  as  the  probability  that  the  r escue/r ecu ver y 
system  will  successfully  perform  it’s  basic  function  of 
reaching  the  object  (or  having  the  object  reach  it)  and 
returning  the  object  to  the  space  station  (or  placing  it  in  a 
safe  orbit).  This  criterion  is  a  measurement  of  the 
probability  of  success  for  the  rescue/reccver y  system  and 
takes  into  account  such  factors  as  the  probability  that  the 
system  will  not  mechanically  fail  and  the  probability  that 
the  system  was  designed  to  meet  the  physical  challenges  of 
the  rescue/recovery.  The  fourth  evaluation  criterion  i s  that 
o  f  ava  i  1  ab  ility.  This  m  ter  1  on  1  s  a  measur  emen  L  of  tin1 
systems  accessibility  and  it’s  being  usable  when  needl’d.  for 
example,  if  the  system  is  required  to  be  ava  i  1  ab  1  e  90V.  of  tin 
time,  then  it  can  be  "down"  for  repair  the  remaining  1  OV.  of 
the  time.  The  tr  lek  is  to  insure  that  the  r  esc  lie  /  r  et  over  / 

system  is  not  "down"  when  it  is  needed.  The  f i na 1  evaluation 
criterion  is  1 1  i  a  t.  of"  maint.iin.iln  lily.  This  iriterion 


measurpy  the  'iprvicpabi  i  1  ty  of  the  rp‘>ruo/recnvery  system. 


It  is  traditionally  measured  by  the  time  it  taken  to  repei 
or  service  the  system.  A  brier  summary  of  the  evaluation 
criteria  is  found  in  Table  I.  With  the  identification  of 
these  criteria  complete,  they  can  now  be  applied  usint]  the 
Analytic  Hierarchy  Process. 


TABLE  1 

EVALUATION  CRITERIA  AND  DEE  IN  If  IONS 


Eva l ua t ion 

Criterion  Definitions 


Sa  fety 


Response 
f  l  me 


Re  1  i  ab  i  1  i  t  y 


Ava  i  1  all  l  1  i  t  y 


Mill  ntairuibi  1  l  t. y 


Freedom  from  making  the  situation 
worse  or  f  rom  endanger  i  ntj  other 
c  r  ewmemh  er s 

The  time  from  objec  t  separation  t 
that  of  beginning  the  physical 
process  cif  r  esc  ue/ r  er  over  y  ,  oc 
render  "safe" 

Probability  that  the  rescue/ 
recovery  system  will  successfully 
perform  its’  basic  functions  of 
reaching  the  object  (or  have  the 
object  reach  it)  and  return  the 
objer  t  ( u i  render  "safe"  ) 

A  pi  ohab  l  1  Hit.  ic  measurement  of  tti: 
per  cent  of  time-'  the  system  wi  !  1  be 
accessible  and  usable  due  ing  f VA 
per  :  oil- . 

A  me  c  isu  r  erne  n  t  of  the  sc  >r  vie  e 
ab  i  1  i  ty  of  the  system.  T !  ie  t.  i  me 
to  r  r  >p  <1  i  c  o  c  service. 


lytic  Hi  er.ir  c  hy  Process  (AHP)  An.il  ys  is 

As  previously  stated ,  AMP  was  used  in  the  systems 
analysis  phase  of  this  thesis.  To  this  end,  the  principles 
of  AHP  were  also  applied.  The  principle  of  dec ompos i t i n n , 
which  calls  for  the  breaking  down  of  the  problem  into  a 
hierarchical  structure,  was  applied  first.  This  was  followed 
by  the  application  of  the  principles  of  comparative  judgement 
and  of  synthesis. 

Principle  of  Decomposition.  The  AHP  technique  which 
takes  a  complex  problem  and  breaks  it  down  into  simple  par  t>- 
is  known  as  the  principle  of  decomposition.  This  technique 
calls  for  the  construction  of  a  hierarchical  structure  "to 
capture  the  basic  elements  of  the  problem”  (33:  l'tl  1  .  The 
principle  rails  far  the  breakdown  of  the  problem  into  levels 
anil  sublevels.  The  levels  contain  the  critei  ia  upon  which 
the  subsequent  suh 1  eve  1 s  are  judged.  In  this  thesis,  the 
problems  of  EVA  crew  rescue  and  recovery  of  detacher)  and 
adrift  equipment  were  examined  in  a  single  ti  i  er  ar  ch  i  c  a  1 
structure.  This  structure  was  derived  from  the  consolidated 
concept  map  and  i s  found  in  figure  11. 

The  overall  goal  for  the  problem  is  located  at  the  Lop 
of  the  hierarchy.  In  this  case ,  it  is  simply  to  define  I  !  u ' 
best  system  to  solve  the  problems  of  EVA  crew  rest  tie  and 
equipment  recovery.  The  second  level  is  th.it  of  the  t  r  it  it  ia 
to  he  used  to  judge  the  proposed  systems.  These  evaluation 
cr  l  ter  i  a  are  the  same  onus  i  dent  if  it'd  in  the  consol  idaletl 


concep t  map . 


The  third  level  lieqirm  the  process  of  breaking 


the  alternatives  down  into  manageab le  parts.  This  level 
defines  four  repr esen ta t i ve  rescue/recovery  scenarios  within 
which  the  rescue/recovery  system  must  operate  and  meet  the 
evaluation  criteria.  The  purpose  of  this  level  is  to 
determine  if  there  is  scenario  dependence  on  the  solution 
systems.  This  breakdown  is  based  on  the  assumption,  which 
was  verified  in  comments  to  the  consolidated  concept  map, 
that  the  evaluation  criteria  are  scenario  independent.  The 
fourth  level  breaks  the  alternatives  into  their  respective 
range  categories.  The  fifth  level  then  breaks  these  range 
categories  into  generic  system  types.  This  breakdown  is  due 
to  the  vast  number  of  contractor  proposed  solution  system'.-, 
provided  by  NASA.  There  is  a  sixth  level  to  this  hierarchy, 
but  it  is  not  expanded  upon.  Rather  it  is  indicated  by  the 
term  "Proposed  Solution  Systems."  This  sixth)  level  is  the 
list  of  the  proposed  solution  systems.  It  is  a  list  of  hath 
contractor  and  author  generated  solution  systems  and  is  found 
in  T  ab 1 e  II. 


T A13LL’  I  I 

PROPOSED  SOLUTION  SYSTEMS 


Generic  System  Proposed  Solution 

Types  Systems 


EVA  Self  Rescue  I  land  Held  Propulsive  Devise 

Portable  Aerosol  del. 

Safety  throw  line/restue  1  i  ne 
Telescope  Pole  llook 


TABLE  II  (continued  I 


EMU  with  Jetpack 

Safety  Nets/EVA  Net  Enclosure 
Redundant  tethers/double 
tethers 
Boom  extender 
Mobile  Remote  Manipulator 
System  ( MRMS ) 

Smart  end  effector  for  MRMS 
Net  ejector  system 
Rescue  Tethered  Unit /Guided 
Tether 

Enclosed  cherry  picker 
Open  cherry  picker 
Shepherds  Hook /Recover  y  Ne  !. 
Rescue  Line/Life  Ring 

Unmanned  Free-Flyer  Telerobotic  vehicle 

Guided  tether 
EVA  Retriever 
Generic  Space  Robot 
Astrobot  plus  EEU 
Prox-Ops-Vehicle 
Free-flying  independently 

directed  excursion  unit 

Manned  Free-flyers  Manned  Maneuvering  Unit  <  MMLJ  ) 

Extravehicular  Excursion  Un; t 
(EEU) 

Homing  unit  plus  FEU 
Man  -  i n— can 
Manned  Rover 

STS  Space  Transportation  System 

(Space  Shuttle) 

OMV  Orbital  Maneuvering  Vehicle 

CERV  (Crew  Emergency  Discoverer 

Return  Vehicle)  Gemini 

Lifting  Hotly  Veh.it  1  er< 

AFF 

MOSES 

h  Man  Apo 1 1 o 
LaRC  Configuration 


Space  Station 
Suppor  ted 


As  can  be  '>pph  in  labile  II,  there  are  numerous 
contractor  proposed  solution  systems  to  the  problems.  This 
analysis  used  AHP  to  point  out  the  general  directions  the 
rescue/recovery  system  should  take.  The  analysis  was 
therefore  only  be  carried  out  to  the  fifth  level  of  the 
hierarchy  structure.  'Jith  this  hierarchical  structure 


complete,  the  AHP  principle  of  comparative  judgments  was  next 
app 1 i ed . 

Principle  of  Comparative  Judgments.  AHP  uses  a 
technigue  of  comparative  judgments  to  measure  the  relative 
importance  of  the  evaluation  criteria  to  the  goal.  These 
judgments  are  accomplished  on  a  pairwise  basis  and  are  used 
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to  generate  a  weighting  function  for  the  evaluation  criteria 


with  respect  to  the  goal.  This  function  indicates  the 
relative  importance  of  each  of  the  evaluation  criteria. 

In  this  thesis,  the  generation  of  the  weighting  function 
was  accomplished  by  surveying  the  ten  knowledgeable  person1., 
who  were  interviewed  during  the  generation  of  the 
consolidated  concept  map.  This  survey  follows  the  procedin  os 
outlined  tiy  Saaty  and  is  found  in  Appendix  B  of  this  thesis. 
The  results  of  the  survey  are  found  in  Appendix  C  and  the 
pairwise  comparison  matrix  for  the  evaluation  criteria  is 
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found  he  low  in  T  all  1  e  III. 
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TABLE  I  I  I 

PAIRWISE  COMPARISON  MATRIX  FOR  THE  EVALUATION  CRITERIA 


Cri ter i on  A 

Cr i ter  ion 

S 

B 

RT 

R 

A 

M 

Saf  ety  ( S ) 

1 .000 

3.00 

1 .56 

2.46 

5.19 

Response  Time  (RT) 

0.333 

1  .00 

0.67 

0.85 

2.42 

Re l l ab i 1 i ty  ( R ) 

0.641 

1 .49 

1 .00 

1  .93 

4.88 

Ava i 1 ab i 1 i ty  ( A ) 

0.406 

1  .  IB 

0.518 

1  .00 

4.21 

Maintainability  (M) 

0. 193 

0.413 

0.205 

0 . 237 

1  .00 

This  matrix  is  read  row  by  column  and  shows  the  relative 
importance  of  one  of  the  evaluation  criterion  to  another. 

For  example.  Safety  (S)  (criterion  A)  has  a  relative 
importance  of  "3.00"  to  the  criterion  Response  Time  (RT) 
(criterion  B).  The  scale  used  in  this  matrix  is  listed  below 
and  would  have  a  reading  of  "3"  meaning  that  of  weak 
importance.  Thus  in  this  example,  the  criterion  of  Safety  is 
weakly  more  important  than  the  criterion  of  Response  Time. 
These  matrix  weights  were  generated  by  taking  the  geometric, 
mean  of  the  survey  results  (set?  Append  i  x  C). 
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TABLE  IV 

MATRIX  WE l GUI  I NG  FACTORS 

MEANING 


0.8  Cr  iter  inn  A  is  strongly  less  important  than  criterion  L 

0.33  Criterion  A  is  weakly  less  important  than  i:r  i  ter  ion  B 

1  Gr  i  ter  ion  A  is  of  equal  impor tance  to  cr  i tec  ion  H 

3  CritiM  ion  A  l  s  weakly  more  important  than  cri  let  ion  II 

5  Cr  l  ti‘r  ion  A  is  strongly  more  important  than  cr  i  ter  inn  li 

All  othei  Intel  mediate  values 

va 1 ues 
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From  the  comparison  matrix,  geometric  means  weri; 
calculated  and  normalized  to  generate  the  overall  weights  for 
the  evaluation  criteria.  These  overall  weights  are  found  in 
Table  V. 

TABLE  V 

OVERALL  EVALUATION  CRITERIA  WEIGHTS 
Evaluation  Criterion 


Safety 

0.377 

Response  Time 

0 . 162 

Re  1 i ab i  1  i ty 

0.257 

Ava i 1 ab i 1  i  ty 

0. 16Q 

Ma i nta i nab i 1 i ty 

0 . 055 

These  overall  weights  indicate  how  much  each  of  the 
evaluation  criteria  contribute  to  the  overall  goal  of  the  AIJP 
Hierarchy,  and  form  the  weighting  function.  The  weighting 
function  for  this  analysis  is  therefore: 

System  Rating  =  0.337(Safety  factor)  ►  0 . 1 40 ( Response 

time)  +  0 . 257 ( Re  1 i ab i  1 i ty  factor)  f 
0 . 1 68 ( Ava i 1 ab  i  l  l  ty  factor)  • 

0 . 055  <  Ma i nta i nab i 1 i ty  f  ac tor  ) 

These  weights  are  all  based  on  the  survey  results.  Al  II  ’ 
lias  a  procedure  which  chocks  the  comparisons  made  in  the 
survey  to  indicate  if  the  judgments  made  by  the  knowledgeable 
persons  were  ronsi stent.  This  procedure  generates  a 
measurement  tailed  a  consistency  ratio  which  i  s  a  rneascu  emeut. 
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of  how  this  survey  judgments  relate  to  random  judgments.  The 
results  of  this  survey  have  a  consistency  ratio  of  0.01  which 
is  well  within  the  minimum  standard  set  by  Saaty  (below  0.1) 
(33:142,143).  Therefore,  the  judgments  and  calculated 
weights  are  consistent.  With  the  weighting  function  set,  the 
rest  of  the  analysis  proceeded. 

The  next  step  of  the  analysis  was  to  evaluate  the 
various  scenarios  and  associated  generic  system  types  to  gain 
insight  into  the  direction  to  take  with  the  respect  to  Lhe 
evaluation  criteria.  Thus,  each  of  the  var  ious  generic 
system  types  were  compared  to  the  other  generic  system  types 
within  their  own  range  category  in  the  light  of  the 
evaluation  criteria  and  scenario.  For  example,  one  of  the 
comparisons  was  stated  as  "which  short  range  generic  solution 
type  is  preferred  as  being  the  safest  for  the  scenario  of  a 
cooperative  astronaut  becoming  detached  and  adrift  from  the 
space  station  departing  at  a  initial  velocity  of  E?ft/sec,  is 
it  the  EVA  Self  Rescue  or  Space  Station  supported  generic 
solution  type?"  Following  this  preference  choice,  a  weight 
factor  is  assigned  which  indicates  the  strength  of  that, 
preference.  The  scale  used  here  is  the  same  as  used  in 
Appendix  D.  These  preferences  are  then  examined  on  a 
scenario  basis  to  see  if  any  overall  direction  can  he 
determined.  (Tie  definitions  of  the  scenarios,  range 
categories,  and  generic  system  types  are  all  found  in  Table 
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DEFINITIONS 


Leve  1 


Def i n i t  i on 


g 


i 


■i 


k'. 


Level  3:  Representative  Scenarios 


1)  EVA  Rescue,  Cooperative 
departing  at  Bft/sec 


E)  EVA  Rescue,  Non-cooperative 
departing  at  Eft/sec 


3)  EVA  Rescue,  Cooperative 
departing  at  0.5f t/sec 


'+ )  Needed  Equipment  departing 
at  Eft/sec 


Level  4:  Range  Categories 

1  )  Shor  t  Range 


E)  Medium  Range 


An  EVA  crewmember  becomes 
separated  from  the  Space 
Station.  He/She  is 
separating  at  a  rate  of 
Eft /sec  and  is 
cooper  at l ve . 

An  EVA  crewmember  becomes 
separated  from  the  Space 
Station.  He /She  is 
departing  at  a  rate  of 
Eft/sec  and  is  non¬ 
cooper  a  t  i  ve 
( unconsc i ous )  . 

An  EVA  crewmember  becomes 
separated  from  the  Space 
Station.  He/She  is 
separating  at  a  rate  of 
0.5ft/sec  and  is 
coopera  t i ve . 

A  piece  of  equipment  has 
been  determined  to 
reguire  recovery.  It  is 
departing  at  a  rate  of 
BT  t / sec  . 


This  is  thia  tii  ca  within 
100  ft  of  space  station. 


This  is  the  area  outs  id* 
the  shor  t  range1  1  l  m  ;  t 
where  orbital  median  l  i  * , 
are  not  a  majoi 
consideration  for 
rescue/i  ec.ovei  y  . 

Maneuver  l  ng  within  the, 
range  can  tie  done  thi  nog 
1  i ne  o f  s i qh  t  flights. 
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This  area  has  been 
generally  defined  as  the 
Space  Station  Proximity 
Operations  Zone  (roughly 
a  sphere  of  1  kilometer 
around  the  space  station) 
(3)  . 


This  is  the  area  outside 
the  medium  range  where 
Orbital  Mechanics  must  be 
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TABLE  VI  (continued) 


Example  system  inr  !utli,r. 
the  Manned  Maneuver l ng 
Uni t  (MMU) . 

5)  CERV  This  long  range  system 

type  is  the  Crew 
Emergency  Return  Vehicle. 
It  is  a  system  currently 
under  development  which 
will  have  the  ability  tu 
safely  return  astronauts 
to  earth  if  a  problem 
occurs  at  the  space 
station  and  the  space 
shuttle  is  not  available. 
This  is  a  manned  system. 

6)  STS  This  is  the  space  trans¬ 

portation  system  also 
known  as  the  space 
shuttle  to  be  used  for 
1 ong  r ange  rescue/ 
recovery . 

7)  OMV  This  is  the  Orbital 

Maneuvering  Vehicle,  a 
long  range  unmanned  free 
flyers  currently  under 
deve 1 opmen  t . 


The  evaluation  of  the  scenarios  and  associated  generic 
solution  types  was  performed  through  telephone  interviews 
with  technical  advisors  from  NASA  (RO;37).  The  results  of 
these  evaluations  can  best  be  seen  during  the  application  of 
the  last  principle  of  AHP :  the  synthesis  of  priorities 
pr i nc i p 1 e . 

Synthesis  of  Priorities.  The  synthesis  of  priorities 
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calls  for  the  evaluation  of  the  hierarchy  by  using  tlu’ 


weighting  function  and  preference  measurements.  This  is  the 
step  where  the  results  of  the  analysis  take  shape.  In  this 
thesis,  these  results  indicate  the  direction  the  overall 
systems  solution  to  the  problems  should  take.  The  results  of 
the  analysis  are  best  seen  on  the  basis  of  the  range 
categories  and  the  associated  generic  system  types.  The 
interviews  with  the  technical  advisors  from  NASA  indicated 
the  directions  to  be  taken  within  each  of  these  range 
cateqor i es . 

For  the  near  range  category,  the  indicated  direction  for 
the  generic  system  type  was  found  to  be  scenario  dependant. 
The  NASA  technical  advisors  indicated  that  in  scenarios  where 
a  cooperative  astronaut  had  separated  from  the  space  station, 
an  EVA  self  rescue  generic  system  type  was  preferred.  T h  1  s 
preference  is  due  primarily  to  the  safety  considerations  with 
this  type  system.  Additionally,  for  the  scenario  of  equipment 
recovery  or  rescue  of  a  noncooperative  astronaut 
(unconscious),  a  space  station  supported  gener ic  system  type 
was  preferred.  This  choice  was  made  due  to  the  fact  that  the 
EVA  self  rescue  qeneric  system  type  is  not  applicable  in 
these  scenarios  and  thus  a  space  station  suppor  tod  yenei  ic 
system  is  the  only  choice  available.  Therefore,  two  generic 
system  types  are  preferred  in  the  near  range  r escue/r  ec ovim  y 
situation.  These  systems  are  an  LVA  self  rescue  system  ! o: 
rescue  of  cooperative  astronauts  requiring  rescue,  and  a 
suppor  ted  system  for  rescue/ r  e  envoi  y  oT 


spare  station 
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TABLE  VII 

LONG  RANGE  GENERIC  SYSTEM  TYPES 
PREFERENCE  RATINGS 

Generic  Evaluation  Criteria 


System  Type 

S 

RT 

R 

A 

M 

CERV 

0.09 

0.13 

0. 14 

0.51 

0 . 39 

OfiV 

0.65 

0.77 

0.28 

0.43 

0.61 

STS 

0.26 

0. 10 

0.58 

0.06 

0.10 

NOTE:  S=Safety,  RT=Response  Time,  R-Rel iab i l i ty , 

A=Avai labi 1 1 ty,  M-Ma i nta i nab i 1 1 ty 

The?ie  preference  ratings  were  then  used  in  the  weighting 
function  to  generate  an  overall  rating  for  each  long  range 
generic  system  typo.  This  calculation  was  done  by  summing 
the  product  of  the  individual  evaluation  criteria  weights  and 
preference  ratings  for  each  generic  system.  For  example, 

CERV  had  an  overall  rating  of  0.1864  ((0.337*0.09)  r 

(0.148*0.13)  «■  (0.257*0.14)  +-  (0.168*0.51)  +  (0.055*0.29) 

0.1864).  The  overall  ratings  for  each  long  range  generic 
system  type  indicated  that  the  QMV  was  the  preferred 
direction  for  a  long  range  generic  solution  type.  The 
overall  ratings  for  each  system  are  provided  in  Table  VIII. 

TABLE  VIII 

OVERALL  RATINGS  FOR  LONG  RANGE  GFNERIF.  SYSTl  MS 

System  Rating 

CERV  0.1064 

□MV  0 . 50564 

STS  0 . 86646 
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This  analysis  haT,  provided  the  direction  as  tc  wlu-.h 
qener  ic  system  types  appear  best  suited  to  solve  the  problem', 
of  EVA  crew  rescue  and  equipment  recovery.  It  has  shown  that 
for  a  near  r  anqe  rescue/recovery,  both  an  EVA  belt  Rescue  arid 
a  Tip  ace  Station  supported  type  system  are  preferred.  I  hr 
analysis  h„s  shown  that  for  a  medium  r  anqe  r  esc  uo/ r  ec;  over  »•  , 
an  unmanned  ft  ee  flyer  is  the  preferred  system.  for  a  l  cinq 
i  anqe  r esc ue / r ec a ver y  ,  the  analysis  has  shown  that  the  UMV  is 
the  pr  eferi  ed  system.  Thus,  thr?  directions  to  be 
invest iqa ted  have  been  determined. 

The  next  step  in  this  analysis  would  be  to  fm  m  a 
compr ehens 1 ve  rescue/recovery  system  usinq  elements  oT  each 
of  the  qener  ic  system  types.  A  comprehensive  rescue/t ec o vei  y 
system  would  therefore  be  made  up  of  one  Df  the  proposed  EVA 
Self  Rescue  systems,  plus  one  of  the  pi  oposed  Space  Station 
supported  systems,  plus  one  of  the  proposed  unmanned  free 
f  Iyer  system,  and  final  ly  the  OMV .  These  comprehensive 
r esc ue /r ec over y  systems  would  then  bo  examined  in  liqht  ol 
the  evaluation  enter  la  anil  an  overal  1  "best"  1  esiue/r  erovi.-i  y 
system  would  be  determiner).  Dut  ,  tfiere  are  numerous  systems 
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■ed  to  bo  examined.  In 
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It  fit)  combinations  o  1  c  i  imp  r  ehens  l  ve  resLue/rec  livery  systems 
whu  h  c  .m  he  qener  a  ted.  1  he  evaluation  of  this  1  .  u  r ;  i  •  a 
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number  of  r  esc  lie  /  r  ec  a  ver  y  cJystemr.  is  beyond  the  scope  n<  th  i' 
thesis.  However,  an  examination  of  the  various  contractor 
proposer!  solutions  is  included  in  Appendix  D. 
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V.  Example  Rescue/ 


pry  System 


The  analysis  previously  presented  shows  the  direction  to 


take  in  the  rescue  of  EVA  crewmembers  and  the  recovery  of 


detached  and  adrift  equipment  from  the  space  station.  The 


direction  has  been  in  the  form  of  determining  the  preferred 


generic  system  type  for  each  of  the  range  categories.  Dy 


combining  these  preferred  generic:  system  types,  a 


comprehensive  reset 


system  for  the  problems  can  be 


generated .  I f 


constructed,  this  system  will  allow 


the  individual  generic  system  types  to  complement  each  other 


and  provide  an  integrated  systems  approach  to  solving  the 


problems  of  EVA  crew  rescue  and  equipment  recovery.  This 


spction  of  the  thesis  will  examine  one  such  system  to  provide 


an  example  and  to  show  the  synergistic  effects  of  this 


systems  approach 


Basic  Configuration. 


The  basic  configuration  of  the  example?  rescue/i  ecovi  t  y 


system  consists  of  four  subsystems.  These  subsystems  .ire  the 


Extravehicular  Mobility  Unit  (EMU)  with  jotpack,  a  shepherd's 


hook / rec over y  net  subsystem,  the  EVA  Retriever,  and  the  Ehor  t 


Range  Vehicle  ( GRV )  module  of  the  Orbital  Maneuver  1 nq 


Veh  i  r  le.  All  these  subsystem1,  work  together  to 


t  esr  tie  /  r  er :  o  vei  object?,  whit  h  detach  (rum  ..he*  spate  station. 


The  F  Ml  I  with  j  e  t  p  at  k  and  the*  shepherd’s  I  iou  k  /  r  er  o  vet  y  net 
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subsystems  are  designed  for  short  range  operations.  The  EVA 
Retriever  will  work  the  medium  range  operations.  The  SRV 
will  operate  in  the  long  range.  However,  all  these 
subsystems  are  responsive  in  nature;  they  only  operate  when 
something  has  become  detached  from  the  space  station.  A 
responsive  system,  such  as  the  one  outlined  above,  has  its’ 
merits,  but  a  responsive  system  is  not  the  total  answer  to 
the  problems  of  EVA  crew  rescue  and  equipment  recovery.  The 
rescue/recovery  system  must  also  have  a  preventive  system 
which  will  limit  the  possibilities  of  objects  becoming 
detached  from  the  space  station  in  the  first  place. 

Such  a  preventive  system  is  already  in  place  on  the 
space  shuttle.  It  calls  for  the  tethering  of  all  objects 
(equipment  and  crewmen)  at  all  times  and  requires  that  this 
emphasis  on  tethering  be  an  important  part  of  EVA  crew 
training  (37).  Although  history  has  shown  that  this 
preventive  system  will  not  eliminate  the  problems  of 
equipment  floating  away,  it  is  at  least  a  step  in  recognizin 
the  problem.  Therefore,  this  preventive  system  will  be 
assumed  to  he  a  part  of  the  example  rescue/recovery  system 
for  the  space  station.  With  the  preventive  system  now  in 
place,  the  responsive  system  can  be  examined . 

Ghor  t  flange1  _Gulivsys t. 

The  responsive  section  of  the  example  rose i le / 1  eenvery 
system)  c  al  Is  fur  two  separate  shor  t  range  subsystems.  Ilii'sr 
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The  advantage'^  of  this  type  of  self  r  escue  subsystem  a:  e 
that  it  is  self  contained,  directly  attached  to  the  astronaut 
(allows  for  known  center  of  mass),  controllable  by  the 
drifting  astronaut,  and  because  it.  is  designed  for  a  single 
f  1  1  tjh  t  ,  r  e  1  a  t  i  ve  1  y  sma  11  in  si  ze  .  Add  l  1 1  unu  1  1  y  ,  such  a  so  1  f 
rescue  subsystem  could  be  activated  by  a  dr  i  f  tiny  asti  onm  it. 
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anytime  rescue  is  required  (even  when  the  initial  departing 
velocity  is  greater  than  E  ft/sec)  to  support  the  rescue' 
attempts  by  the  other  subsystems  of  the  rescue/r ecovery 
system.  For  example,  if  the  departing  velocity  is  greater 
than  the  subsystem’s  designed  criteria,  the  activation  of 
this  self  rescue  subsystem  would  slow  that  initial  departing 
velocity  and  stabilize  the  attitude  of  the  astronaut 
requiring  rescue.  These  actions  would  ‘huy  time?’  for  the 
rescue  by  other  subsystems  of  the  overall  rescuo/r ecovev y 
system.  This  action  would  increase  the  probability  of 
successfully  accomplishing  the  rescue. 

The  EMU  with  jetpack  is  an  example  of  a  subsystem  which 
can  be  used  for  EVA  crew  rescue.  However  ,  this  example 
rescuii/recovcry  system  also  addresses  the  problem  of 
equipment  recovery.  The  short  range  subsystem  for  this 
mission  is  the  Shepherds’  Hoo k /Recover y  Net. 

Shepherds  ’ _ Hook /Recovery  Net.  _ This  subsystem  is  the 

space  station  supported  subsystem  of  the  r esc uc / r ec over y 
system.  It  is  basically  an  extendable  pole  with  a  shephei  d 
hook  on  one  side  and  a  capture  net  on  the  other  side  (see 
Figure  13).  This  subsystem  is  designed  to  tie  manually 
operator!  by  an  EVA  astronaut  to  either  i  upturn  loose 
equipment  or  to  assist,  in  the  rescue  of  another  asti  nnuwt. 
the  subsystem  can  either  be  manually  extended,  or  extended 
through  the  use  of  a  cold  gas  pt  opulsinrr  system  1m  uted  at 


the  head  of  the  unit.  The  unit  is  restrained  by  tothei  s 
which  are  desiqned  to  allow  the  extended  pole  to  slide  within 
the  restraints.  This  is  done  by  attaching  the  tethers  to  a 
ring  which  encircles  the  pole  and  allows  the  pole  to  slide  to 
a  stop  point.  The  shepherds'  hook  is  designed  to  allow  a 
drifting  astronaut  to  grasp  it  or  to  encircle  a 
noncooperative  astronaut.  The  hook  also  serves  as  a  mass 
offset  for  the  recovery  net  section  of  the  unit.  The 
recovery  net  will  capture  floating  objects  through  the  use  ut 
an  electrically  activated  door  which  closes  the  net  around 
the  object.  This  capture  limits  the  possibilities  of  objects 
bouncing  nut  of  the  net  and  departing  in  a  new  direction. 

Because  this  space  station  supported  subsystem  is  EVA 
crew  operated,  it  could  best  be  utilized  if  positioned  in 
areas  where  EVA  activity  is  planned.  This  will  facilitate  a 
quick  reaction  time  for  the  subsystem.  In  fact,  it  may  be 
wise  to  have  several  of  these  subsystems  placed  in  strategic 
locations  throughout  the  space  station  in  order  to  inerts:,  - 
the  chances  of  successfully  recovering  objects  which  become 
loose.  However,  due  to  this  subsystem’s  limited  range,  a 
medium  range  system  must  also  he  employed. 
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up  to  a  700  ft/sec  delta  velocity  change  which  can  be  l.u 

capture  a  10001b  object  and  return  this  object  to  the  space 
station  (27:6).  This  large  potential  delta  velocity  and  the 
two  reaction  control  systems  (Hydrazine  for  large  delta 
velocity  changes  and  the  non-con t am l na t i nq  cold  gas  system 
for  close  maneuvering)  make  this  vehicle  ideal  for  the 
rescue/recovery  operations  of  objects  detached  from  the  space 
station.  In  fact,  the  ability  of  this  vehicle  to  recover 
objects  has  had  attention  at  Marshall  Flight  Center  ,  where- 
NASA  is  designing  a  modification  kit  to  the  SRV  which  is 
specifically  designed  to  recover  driftinq  orbital  debris 
(27:9).  Because  of  these  capabilities,  the  SRV  module  of  the 
□MV  is  the  long  range  subsystem  of  this  example 
rescue/ recover y  system. 

The  concept  of  operations  For  the  SRV  would  very  much 
follow  the  same  lines  as  it  was  for  the  EVA  Retriever  .  The 
SRV  would  be  immediately  activated  for  EVA  crew  rescue 
operations  and  would  be  selectively  activated  for  equipment 
recovery  operations.  Again,  this  long  range  subsystem  would 
serve  as  the  back-up  to  the  short  and  medium  range  subsystems 
of  this  example  rescup/recovery  system. 
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s  t jge  i  concept  mapping  proved  to  be  a  useful  tool  in 
qathering  a  comprehensive  understanding  uf  the  problem.  This 
tool  served  as  the  backbone  for  the  rest  of  the  analysis,  in 
that  the  evaluation  criteria  and  breakdown  of  system  type*, 
wen?  directly  derived  from  it.  Therefore,  one  of  the 
conclusions  from  this  thesis  is  that  the  methodology, 
especially  concept  mapping,  is  a  powerful  technique  to  use  lr 
defining  the  direction  to  take  for  problems  which  air*  early 
in  the  concept  development  stage. 

The  second  conclusion  of  this  thesis  deals  with  the 
results  of  the  analysis  itself  and  with  the  direction  to  be 
taken  in  the  solutions  to  the  problems  of  EVA  crew  rescue  and 
recovery  of  equipment  which  becomes  detached  and  adrift  fi urn 
the  space  station.  Spec i f i c a  1 1 y ,  the  conclusion  is  that 
there  is  no  one  device  which  will  solve  these  problems. 

Rather  these  problems  can  only  be  solved  through  a  systems 
engineering  approach  where?  several  subsystems  contribute  to 
the  overall  solution.  These  subsystems  serve  to  complement 
and  back  up  each  other  in  order  to  increase  the  prohabil  lty 
of  succ essfu 1 1 y  accomplishing  a  rescue  or  i  ecnvci  y.  The 
recommended  system  from  this  analysis  consist',  of  an  EVA  self 
rescue  subsystem,  a  space  station  supported  subsystem,  n.u 
unmanned  free  flyer  subsystem,  and  the  GMV  .  In  addition  In 
these  conclusions,  there  are  sever  .1 1  ret  ommenda  !  l  mu.  .--h  i  t  h 
should  be  addressed  as  future  considerations  to  the  pi  nil  1  ems 
of  F VA  crew  i  esc ue  and  equipment  i  ecnvci  y. 
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Recommenda  t  i  ors  . 

There  are  three  areas  where  further  analysis  is 
recommended.  The  first  has  to  do  with  this  thesis  effoi  l. 
itself.  The  other  two  areas  relate  to  subjects  whose 
analysis  is  required  as  follow-on  efforts  to  this  thesis. 

The  first  recommendation  is  that  this  thesis  effort, 
beinq  a  first  cut  analysis,  should  be  part  of  an  iterative 
analysis.  Specifically,  this  iterative  analysis  should 
concentrate  on  the  concept  map.  This  iterative  review  should 
be  accomplished  to  better  develop  a  corporate  understand imj 
of  the  problem  and  to  better  define  the  evaluation  cri  ter  la. 
The  results  of  this  iterative  analysis  may  well  point  to  a 
specific  solution  system  to  the  problems,  rather  than  to  ju-,t 
indicate  the  path  to  take  toward  that  solution. 

Additionally,  this  iterative  analysis  should  take  into 
account  the  results  of  the  two  complementary  ai  -as  where 
further  analysis  is  recommended. 

The  first  of  these  complementary  areas  is  that  of 
analyzing  the  necessity  of  a  long  range  subsystem  for  the 
rescue/recovery  system.  This  analysis  seeks  an  answer  to  the 
question  "dors  the  incorporation  of  a  long  range  subsystem 
add  enough  value  to  the  comprehensive  rescue/recu ver y  system 
to  warrant  its  expense?"  Included  in  this  analysis  are 
considerations  about  the  probabilities  of  the  short  and 
medium  range  subsystems  Tailing,  the  probability  of  the  long 
range  subsystem  succeeding,  and  the  ovni  al  1  costs  of  sui  h  a 


long  range  subsystem.  Included  in  this  analysis  should  he  an 
investigation  of  the  worth  of  the  medium  range  subsystem. 

This  analysis  should  answer'  the  question  of  "can  the  medium 
range  subsystem  be  replaced  by  a  more  capable  (and  more 
expensive)  long  range  subsystem?"  The  answers  to  this 
complementary  analysis  may  well  limit  the  number  of 
rescue/recovery  systems  which  need  to  be  examined. 

The  other  complementary  analysis  to  this  thesis  deals 
with  the  rescue/recovery  systems  configuration  during  the 
construction  of  the  space  station.  One  of  the  comments 
received  as  feedback  to  the  comprehensive  concept  map 
indicated  that  the  space  shuttle  would  be  available  for 
rescue/recovery  operations  during  the  construction  of  the 
space  station  (36).  Indeed,  the  space  shuttle  will  be 
present  during  the  construction,  but  availability  for 
rescue/ recover y  operations  may  well  be  another  issue.  The 
shuttle  could  be  tied  up  in  the  construction  of  the  space 
station  to  the  point  where  its  response  time  would  make?  it  an 
unusable  option.  Therefore,  this  complementary  analysis 
should  address  the  rescue/recovery  systems  conf iguration 
during  the  construction  of  the  space  station  and  how  this 
configuration  would  change  when  the  spare  station  becomes 
operational  (it  may  he  possible  to  design  one  rescuo/roi over y 
system  to  be  used  during  botti  the  construction  and  the 


operations  phase  of  the  space  station). 


These  recommended  complementary  analyses  will  help 
further  examine  the  topics  of  this  thesis.  However ,  there 
are  issues  which  require  examination  that  are  beyond  the 
scope  of  this  thesis,  but  still  contribute  to  the  solution 
the  problems  of  EVA  crew  rescue  and  equipment  recovery. 

I ssues . 

There  are  two  major  issues  which  are  beyond  the  scope 
this  thesis,  but  still  require  examination.  These  issues 
are:  1)  how  to  make  the  decision  to  recover  adrift  equipmen 
and  2)  when  to  use  or  not  use  a  manned  free-f  Iyer  (like  the 
MMU )  for  r escue/r eccver y  operations  if  such  a  system  is 
readily  available. 

The  first  issue  deals  with  the  basic  question  of  when 
recover  adrift  equipment.  If  the  decision  is  that  all  loos 
equipment  must  be  recovered,  then  this  issue  becomes  a  moot 
point.  But,  if  only  selective  equipment  is  worthy  of 
recovery,  then  on  what  criteria  will  the  decision  be  made-7 
Obviously,  the  value  of  the  equipment  (both  cost  and  ease  u 
replacement)  and  the  departing  trajectory  of  the  object  wi 1 
play  a  role  in  the  examination  of  this  issue.  However  ,  the 
value  of  the  equipment  and  the  costs  associated  with  a 
recovery  attempt  also  need  to  he  examined. 

The  second  issue  deals  with  the  use  of  a  manned  fi no 
flyer  (like  the  MMU )  to  perform  r escue/ recovery  operations . 
This  thesis  has  concluded  that  the  preferred  direction  to  h 


taken  is  toward  an  unmanned  free-flyer.  However ,  manned 
free-f lyers  will  be  present  at  the  space  station.  (Current 
planning  calls  for  the  space  station  to  be  configured  with  at 
least  one  next  generation  MML)  (15:4-33).)  This  free-flyer 
may  be  in  use  when  a  rescue/recovery  opportunity  presents 
itself.  This  issue  wrestles  with  the  decision  to  use  or  not. 
use  a  manned  free-flyer  for  rescue/recovery  operations.  It 
seems  apparent  that  if  a  manned  free-flyer  is  in  use,  it 
could  be  used  for  a  rescue  or  recovery,  but  there  appear  to 
be  limits  to  its  use.  Obvious  limits  are  the  pilot’s 
consumables  and  the  amount  of  fuel  in  the  free-flyer.  These 
limits  change  as  the  EVA  progresses.  Therefore,  it  seems 
that  there  are  time  frames  when  a  manned  free-flyer  could  be 
used  far  rescue/recavery  operations  and  there  are  also  time' 
frames  when  no  matter  what  the  object  requiring 

rescue/recovery  is  (another  astronaut  or  piece  of  equipment) 
a  manned  free-flyer  will  not  be  used  because  it  jeopardizes 
the  pilot’s  safety.  This  is  another  of  the  issues  which 
requires  examination  in  order  to  fully  understand  the 
problems  of  EVA  crew  rescue  and  equipment  recovery. 

Sumnur  y 

Ibis  thesis  has  helped  answer  several  questions.  It  ha- 
provided  the  direction  to  be  taken  in  solving  the  problems  of 
EVA  crew  rescue  and  equipment  recovery.  It.  has  also  shown  a 


methodology  which  can  be  used  in  the  systems  engineer  nuj  of 


problems  daring  their  concept  development  stage.  But,  this 
thesis  has  also  asked  guestions.  It  asks  questions  and 
recommends  further  study  in  the  areas  of  iterating  the 
ana  lysis,  determini ng  the  value  of  both  the  long  range  and 
medium  range  subsystems,  and  identifying  the  changing 
rescue/recovery  system  from  the  construction  to  the 
operations  of  the  space  station.  This  thesis  also  asks  Far 
reaching  questions  as  to  the  decisions  to  recover  adrift 
equipment  and  to  the  use  of  a  manned  free-f Iyer  in 
rescue/recovery  operations.  The  problems  of  EVA  crew  rescue 
and  recovery  of  detached  and  adrift  equipment  from  the  space 
station  are  complex.  Hopefully  this  thesis  lias  shed  some 


1 ight  on  them. 


A.  Initial  Pre-Cc 


p  burvf'v. 


NOTE:  The  purpose  of  this  survey  was  to  focus  the 

attention  of  the  persons  to  be  concept  mapped  into  the  area' 
of  EVA  crew  rescue  and  recovery  of  detached  and  adrift 
equipment.  The  results  of  this  survey  are  informational  to 
the  perception  of  the  problems)  but  do  not  affect  the 
analysis  performed. 
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NAME : 


EVA  Crew  Rescue 
and 

Retrieval  of  Detached  and  Adrift  Equipment 

Survey 

The  purpose  of  this  survey  is  to  determine  the 
relationships  between  the  problems  of  EVA  Crew  Rescue  and 
Retrieval  of  Detached  and  Adrift  Equipment  from  the  Space 
Station. 

llDESHi  ancey 

Which  problem  do  you  feel  is  the  most  important?  a)  EVA  Crew 
Rescue  b)  Retrieval  of  detached  and  adrift  equipment. 


Indicate  on  the  scale  below  the  relative  importance  between 
these  two  problems. 
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Retrieval  of 
Detached  and 
Adrift  Equipment 


Prob ab_i _l_i  ty  of  Occurrences 

Which  problem  is  more  likely  to  occur?  a)  EVA  Crew  Rescue 
b)  retrieval  of  detached  and  adrift  equipment 

How  much  more  likely  is  this  problem  to  occur  as  opposed  to 
the  least  likely  problem?  a)  Very  much  more  likely  b)  Much 
more  likely  c)  More  likely 
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B.  Analytical  Hierarchs 


NOTE:  The  purpose  of  this  survey  was  to  obtain  feedback 

on  the  Consolidated  Concept  Map  and  to  obtain  the  pairwise 
comparisons  for  the  evaluation  criteria  to  be  used  in  the 
weighing  function  of  the  analysis. 
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EVA  Crew  Rescue  and  Retrieval  of  Detached 
and  Adrift  Equipment  Concept  Map  and  AHP  Survey 

Part  2:  Attribute  Assessments 

Purpose:  The  purpose  of  this  section  of  the  survey  is  to 

obtain  your  assessment  and  prioritization  of  selected  system 
attributes.  These  attributes  were  generated  directly  from 
the  consolidated  concept  map  and  will  be  used  to  evaluate  the 
various  candidate  rescue/retrieval  systems  which  help  solve 
the  problem. 

Survey  Process:  This  part  of  the  survey  is  based  on  the 
Analytical  Hierarchy  Process  (AHP)  developed  by  Thomas  L. 
Saaty.  This  process  solicits  a  preference  choice  between 
paired  attributes  and  builds  these  choices  into  an  overall 
attribute  weighting  function. 

Your  involvement  in  AHP  is  to  rate  given  pairs  of 
attributes  according  to  a  provided  scale  (see  Table  IX). 

These  attributes  will  be  rated  according  to  the  importance  of 
the  first  attribute  to  the  second  attribute  in  solving  the 
problem  of  EVA  crew  rescue  of  equipment  retrieval. 

If  you  feel  the  first  element  in  a  pair  (Attribute  A)  is 
more  important  than  the  second  element  (Attribute  B),  then  a 
positive  number  from  the  scale  should  be  used.  Conversely, 
if  you  feel  the  first  element  (Attribute  A)  is  less  important 
than  the  second  element  (Attribute  B),  then  a  negative  number 
from  the  scale  should  be  used.  To  illustrate  this  rating 
system,  I  have  included  the  following  example  which  deals 
with  the  problem  of  making  pop  corn. 

Suppose  you  are  asked  to  rate  the  importance 
of  good  quality  pop  corn  (Attribute  A)  to  that  of 
a  constant  source  of  heat  (Attribute  B)  in  the  mal  icg 
of  pop  corn.  If  you  feel  the  Attribute  A  (  the  qu  « :  * 
of  the  corn)  is  favored  very  strongly  over  Attri: 

(the  constant  heat  source)  in  the  process  of  pc; . 
corn,  then  you  would  assign  a  value  of  +7  to  *. 1 
pairwise  comparison.  However,  if  you  fro ?.  ■ 

Attribute  B  (the  constant  heat  source)  i 4 
more  important  than  Attribute  A  (the  - 

corn)  in  the  process  of  popping  ccn  ,  •• 

assign  a  value  of  -3  to  that  pairw: 

Remember  the  following  rule: 

If  Attribute  A  is  more  1 • ; : 
positive  numbers.  But  if  Attrit  .*• 

Attribute  A,  use  negative 


Additionally,  these  pairwise  comparisons  are  independent 
of  each  other.  The  ratings  of  one  pairwise  comparison  should 
not  influence  the  ratings  of  the  next  pairwise  comparison. 

The  question  to  be  answered  in  doing  these  pairwise 
comparisons  is:  Given  the  objective  of  finding  the  best  way 
to  rescue  EVA  crewmembers  and/or  retrieve  detached  and  adrift 
equipment  from  the  space  station,  how  much  more  strongly  does 
Attribute  A  influence  the  selection  of  a  Rescue/Retrieval 
System  than  does  Attribute  B  ? 

Attribute  Definitions: 

Safety:  This  attribute  is  difficult  to  define. 

However,  in  this  case  we  shall  consider  it  to  be  the  freedom 
the  Rescue/Retrieval  System  provides  from  making  the 
situation  worse  or  from  endangering  other  crewmembers.  For 
example,  we  might  say  that  a  system  has  a  98*/.  chance  of  not 
making  the  situation  worse. 

Response  Time:  This  attribute  is  the  time  it  takes  tor 
the  system  to  detect  the  separation  of  an  object  and  begin 
the  physical  process  of  returning  or  rendering  the  object 
"safe."  In  the  case  of  a  free-flyer,  response  time  is  the 
time  from  object  separation  from  the  space  station  to  the 
Rescue/Retrieval  systems  separation  from  the  space  station. 

Reliability:  This  attribute  is  defined  as  the 
probability  that  the  Rescue/Retrieval  system  will 
successfully  perform  its’  basic  function  of  reaching  the 
object  (or  having  the  abject  reach  it)  and  return  the  object 
to  the  space  station  or  render  the  object  "safe"  (meaning  it 
will  not  pose  a  threat  to  the  space  station). 

Availability:  This  attribute  is  the  accessibility  of 

the  system  and  its’  being  usable  when  needed.  For  example, 
if  the  system  is  required  to  be  available  907.  of  the  time, 
then  it  can  be  “down"  for  repairs  107.  of  the  time.  The  trick 
is  to  insure  that  the  system  is  not  "down"  when  needed. 

Maintainability:  This  attribute  is  a  measure  of  the 

serviceability  of  the  Rescue/Retrieval  system.  It  is 
traditionally  a  measurement  of  the  time  it  4 akes  to  repair  or 
service  the  system. 
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Pairwise  Comparison: 


Remember : 

-  Use  the  scale  found  in  Table  1 

-  If  Attribute  A  is  more  important  than  Attribute  3 
use  positive  number 

-  If  Attribute  B  is  more  important  than  Attribute  A 
use  a  negative  number 

—  The  key  question  is:  Given  the  objective  of 
finding  the  best  way  to  rescue  EVA  Crewmembers  and/or 
retrieve  detached  and  adrift  equipment  from  the  space 
station,  HOW  MUCH  MORE  STRONGLY  DOES  ATTRIBUTE  A  INFLUENCE 
THE  SELECTION  OF  A  RESCUE/RETRIEVAL  SYSTEM  THAN  DOES 
ATTRIBUTE  B  ? 


Survey  Itself: 


ATTRIBUTE  A 
Safety 
Safety 
Safety 
Safety 

Response  Time 
Response  Time 
Response  Time 
Rel i ab i 1 i ty 
Re  liability 
Avai lability 


ATTRIBUTE  B  RATING 

Response  Time 
Rel i ab i 1  i  ty 
Avai labi 1 ity 
Maintainabi 1 ity 
Reliability 
Availability 
Maintainability 
Avai lability 
Maintainability 
Maintainabi 1 ity 


□Check  this  box  if  you  would  like  a 
copy  of  this  thesis  sent  to  you.  It 
will  be  available  in  January  1983. 


THANK  YOU  !  1 
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C.  Survey  Results. 

The  results  of  the  AHP  Attribute  Assessment  Survey  are 
provided  below.  The  geometric  mean  was  calculated  on  the  raw 
data  to  develop  the  pairwise  comparison  matrix.  For  the 
pairwise  comparisons:  S=Safety,  RT=Response  Time, 

R=Re 1 i ab i 1 i ty ,  A=Ava i 1 ab i 1 i ty , and  M=Ma i nta i nab i 1 i ty . 
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TABLE  X 

SURVEY  RESULTS 


Pairwise 
Compar i sons 

Raw 

Data 

Geometr i 
Means 

V. 

S  - 

RT 

1 

7 

3 

-3 

9 

7 

5 

3.00 

V 

S  - 

R 

-9 

5 

1 

2 

9 

7 

-3 

1  .56 

s  - 

A 

-7 

5 

1 

4 

9 

7 

3 

2.46 

s  - 

M 

9 

6 

1 

6 

9 

7 

5 

5.19 

RT  - 

R 

-9 

5 

-3 

3 

1 

-3 

-3 

0.67 

RT  - 

A 

-5 

3 

-3 

5 

1 

-3 

1 

0.85 

.  % 

RT  - 

M 

7 

5 

-3 

6 

7 

-3 

3 

2.42 

v\ 

R  - 

A 

1 

1 

1 

4 

1 

5 

5 

1  .93 

R  - 

M 

9 

7 

1 

6 

7 

5 

5 

4.00 

A  - 

M 

9 

5 

1 

3 

7 

5 

5 

4.21 

n 

1/n 

Geometr 

ic  Mean  = 

<  TT 

3i  ) 

i  =  1  ,2 

>  .  -  -  i  n 

i  =  1 

I  n 

AHP  -7 

=  1/7. 

Thus , 

f  or 

the 

r  aw 

data 

of  7,5, -3 , 

& 

-3,  and 

3j  the 

geometr 

i  c 

mf?an 

i  i  : 

(  7  *  5 

*  (1/3) 

*  6  * 

7  * 

(1/3) 

*  3)  1 

=  2.42 
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D.  Review  of  Contractor  Proposed  Solution  By?, terns 
This  appendix  reviews  the  NASA  provided  contractor 
proposed  solution  systems  to  the  problems  of  EVA  crew  rescue 
and  equipment  recovery.  These  proposed  systems  represent  the 
concept  synthesis  (brainstorming)  section  of  the  Hall 
Morphology  of  Systems  Engineering.  As. such,  they  are  limited 
in  the  technical  description  and  they  do  not  present  a 
systems  engineering  solution  to  the  problem,  but  rather 
individual  subsystems  which  could  be  a  portion  of  an  overall 
rescue/recover y  system. 
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positive  capture,  but  disadvantages  are  in  crew  discomfort 
and  increased  the  time  for  connection  and  disconnection  of 
the  system.  Astronauts  do  not  consider  this  an  acceptable 
system  (21:10) . 

Boom  Extender.  This  system  is  an  extendable/ 
retractable  boom  structure  which  provides  a  means  for  EVA 
crewmember  stabilization  for  rescue  (see  Figure  16) 
(19:5,18:4).  The  system  has  low  safety  and  limited 


flexibility  (18:23). 


Fig.  16.  Boom  Extender  (19:3) 


Mobile  Remote  Manipulation  System  ( MRtiS  ) .  This 
system  is  the  space  station  version  of  the  successful  space 
shuttle  RMS.  The  system  has  the  remote  manipulator  system 
like  the  shuttle  (for  capture/grasping  of  object)  but  can 
also  transverse  along  the  space  station  (Figure  17)  (19:5). 

Advantages  are  the  systems  safety,  ease  of  use,  and 
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REMOTE  MRMS 


advantages  of  this  system  and  its  response  time  and 


simplicity.  However,  it  has  problems  in  that  it  requires  a 
cooperative  astronaut  and  that  when  the  net  hits  the 
astronaut,  it  exerts  an  unpredictable  force  on  the  astronaut. 
This  force  could  well  make  the  situation  worse  by  propelling 
the  astronaut  away  from  the  space  station  or  by  causing 
injury  to  the  astronaut. 


Fig.  18.  Net  Ejector  System  (19:3) 


Rescue  Tethered  Unit/Guided  Tether.  This  system 
consists  of  a  self  reeling  tether  attached  to  a  free-flying 
unit.  This  system  flies  out  to  the  astronaut  requiring 
rescue,  allows  the  astronaut  to  grasp  it,  and  then  reels 
itself  back  to  the  space  station  (Figure  19) (19:5).  The 
advantages  of  this  system  are  its  ease  of  use,  low  technical 
risk,  and  positive  attachment  to  the  space  station. 
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ENCLOSED  CHERRY 
PICKER 

Fig.  20.  Enclosed  Cherry  Picker  (19:4) 


□pen  Cherry  Picker.  This  system  is  like  the 
enclosed  cherry  picker  having  the  same  manipulator  arms  and 
being  attached  to  the  MRMS ,  but  it  is  operated  by  an  EVA 
astronaut  (Figure  21) (19:5).  The  advantages  and 
d i sad vantages  for  this  system  are  very  much  like  the  enclosed 
cherry  picker  system.  However,  this  open  system  is  less 
complex  because  it  does  not  need  to  provide  a  pressurized 
env i r onment . 
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Unmanned  Free-Flyers.  All  these  systems  use  a  robotic 
system  designed  to  perform  rescue/recovery  operations.  As 
such  many  are  similar  to  the  EVA  Retriever.  Such  systems  are 
the  Generic  Space  Robot,  and  Astrobot  (which  will  be  examined 
together ) . 

Generic  Space  Robot  and  Astrobot  plus  EEU .  These 
robotic  systems,  have  a  robot  driver  mated  to  either  the  MMU 
or  Extravehicular  Excursion  Unit  (EEU).  (The  EEU  is 
basically  an  updated  version  of  the  MMU  which  has  greater 
■fuel  capacity.)  Both  these  robotic  -free— flyers  come  complete 
with  grasping  manipulator  arms  and  remote  control  sensors 
(television  cameras).  The  difference  between  them  is  that 
the  Generic  Space  Robot  also  has  provisions  for  an  automatic 
center  of  mass  compensator  (this  allows  for  more  efficient 
use  of  fuel).  Figure  22  shows  the  basic  configurations  of 
these  systems.  Advantages  of  this  type  system  are  its 
safety,  quick  response  time,  versatility,  and  multiple 
mission  applications  (10:10).  Disadvantages  are  their 
limited  ability  to  recover  small  drifting  object':,. 
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Fig-  EE.  Astrobot  plus  EEU  (E0:8) 


Telerobotic  Vehicle.  This  system  call  for  a  remote 
controlled  free-f Iyer  like  the  one  shown  in  Figure  23.  This 
system  uses  a  cold  gas  propellent  system  and  is  designed  to 
either  grasp  the  object,  with  a  manipulator  arm  or  have  an 
astronaut  requiring  rescue  grab  and  hold  onto  it  (21: IB). 
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large  amount  of  usable  propellant.  D  i  sadvantages  are  in  its 
limited  applications  in  recovering  drifting  objects,  and  its 
low  reliability  in  recovering  noncooperative  astronauts. 


Fig.  23.  Te 1 er oho t i c  Vehicle  ( PO : 9 ) 


Frox-Ops-Vehicle.  This  vehicle,  shown  in  Figure 
is  a  remotely  controlled  free-flyer  which  is  designed 
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primarily  to  perform  the  satellite  servicing  function  done  at 
the  space  station,  however,  it  can  also  perform 
rescue/recovery  operations  (19:2).  This  system  has 
advantages  of  safety,  quick  response  time,  and 

maneuverability.  Its  disadvantages  are  its  high  cost  and  low 
reliability  (18:23). 
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advantages  and  disadvantages  as  do  the  Generic  Space  Robot 
and  Astrobot.  Its  only  difference  is  that  it  does  not  use 
the  MMU  or  EEL)  as  its  propulsion  unit. 


FREE-FLY  INDEPENDENTLY 
DIRECTED  EXCURSION  UNIT 
(FIDEU) 


Fig.  25.  Free-Fly  Independently  Directed 
Excursion  Unit  (19:1) 


Manned  Free-Flvers.  These  contractor  proposed  manned 
systems  are  designed  for  rescue/recovery  operations  within 
the  prox-oper at  ions  zone  of  the  space  station. 

Manned  Maneuvering  Unit  (MMU).  This  manned  system 
consists  of  a  self-contained  backpack  with  all  the  necessary 
systems  to  allow  an  EVA  astronaut  to  fly  untethered  in  space 
of  a  short  distance  from  the  space  station  or  space  shuttle 


(40:1). 


This  system  has  been  flown  on  several  space  shuttle 


mission  and  is  a  proposed  rescue/recovery  system  (19:2). 
Flight  experience  and  simulation  results  indicate  that  this 
system  can  be  used  for  an  orbit  r escue/recovery  operations 
(31:2).  However,  because  this  is  a  manned  system,  its  use 
does  jeopardize  an  additional  EVA  astronaut  and  thus  the 
decision  to  use  the  MMU  needs  to  be  carefully  thought  out. 
Figure  26  shows  a  representation  of  the  MMU  performing  EVA 
crew  rescue. 


i.t  *  .  r.  l-.  i  .  ■■■  iv.  .>■  ... 


is  the  greater  fuel  capacity  it  possesses  (E0:7).  This 
system  (Figure  27)  has  the  same  advantages  as  the  MMU  except 
that  it  can  perform  rescue/recovery  operations  at  a  greater 
range-  However,  it  also  suffers  the  same  disadvantages 
(manned  system  and  slow  response  time)  (20:10). 


EXTRA  VEHICULAR 
EXCURSION  UNIT 
(EEU) 


Fig.  27.  Extravehicular  Excursion  Unit  (19:1) 

Homing  Unit  Plus  EEU.  This  system  calls  for  a 
caution  and  warning  sensing  unit  to  be  attached  to  the  EEU. 
This  sensor  would  alert  the  EVA  crewmember  when  he/she  enters 
a  zone  which  is  out  of  the  rescue  range  of  any  of  the  space 
station  supported  rescue  system  (Figure  20)  (17:2). 

Advantages  of  this  system  are  its  low  cost,  reliability. 
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Fig.  29.  Man-In-Can  (19:1) 


Manned  Rover ■  This  system  is  a  maneuvering 
vehicle*  operated  by  an  EVA  crewmember  which  can  carry 
equipment  in  close  proximity  to  the  space  station  (Figure  30) 
(19:2).  This  vehicle  is  analogous  to  that  of  having  a  small 
tractor  for  use  around  the  house.  Again,  the  advantages  and 
disadvantages  for  this  system  are  similar  to  those  of  the  MMI I 


and  FF1J. 


ORB1TER  SPECIFICATIONS 
Length:  121  feel 
Width:  79  feet 

Catgo  Bay:  60  feet  by  15  feet 
Weight:  75  tons 

EXTERNAL  TANK 
Height:  154  feel 

Weight:  1.6  million  pounds  (full) 

SOLID  ROCKET  BOOSTERS  (SRBs) 
Height:  149  feet 

Weight:  13  million  pounds  each 

Typical  mission  length:  seven  to  thirty  days 
Typical  crew:  two  to  seven  people 
Height  of  orbit:  135-320  nautical  miles  (most  missions 
Speed  in  orbit:  17,550  mph  (at  150  miles) 
Payload  capacity:  65.000  pounds 
Launch  and  landing  sites.  Kennedy  Space  Center,  Fla 
Vandenberg  Air  Force  Base,  Calif. 

Principal  tracking  station:  White  Sands,  N  M. 
Mission  Control:  Johnson  Space  Center,  Texas 


CERV  (Crew  Emergency  Return  Vehicle).  This  NASA  space 
station  program  is  designed  to  provide  an  emergency 
capability  for  astronauts  at  the  space  station  to  return  to 
the  earth.  Still  in  conceptual  development,  several 
conf i gur a t i on  are  under  study  and  are  discussed  below.  Of 
primary  concern  with  CERV  is  that  it  is  designed  to  return 
crews  to  earth  and  is  not  designed  for  extensive  space 
maneuvering.  Major  modifications  to  the  systems  would  have 
to  occur  in  order  for  them  to  accomplish  rescue/recovery 
operations  (8). 

Di  scoverer ,  Gemini,  AFE ,  MOSES,  and  6  Man _ Apo 1 1 o . 

These  five  configuration  (Figure  32)  are  designed  to  re-enter 
the  earths  atmosphere  and  parachute  to  a  safe  landing.  They 
are  not  designed  specifically  for  space  maneuvering  (although 
they  do  have  a  limited  Reaction  Control  System)  and  they  have 
limited  ability  to  grasp  a  drifting  object  (26:^0).  As  such 
they  would  require  significant  modifications  to  allow  for 
such  rescue/recovery  operations. 
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system.  Finally,  for  lonq  range  operations,  the  Orbital 
Maneuvering  Vehicle  < OMV )  is  the  preferred  solution.  The 
analysis  also  showed  that  the  combination  of  all  these 
preferred  solutions  is  needed  to  completely  solve  the 
problems.  To  this  end,  the  analysis  provides  an  example  of  a 
comprehensive  rescue/recovery  system.  Finally,  the  analysis 
identifies  issues  and  recommends  areas  which  require  further 
analysis  in  order  to  fully  understand  and  solve  the  problems 
of  EVA  crew  rescue  and  recovery  of  equipment  detached  and 
adrift  from  the  space  station. 
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